Salmonella enterica (Se) bacteria cause persistent intracellular infections while stimulating a robust interferon-g-producing CD4 + T (Th1) cell response. We addressed this paradox of concomitant infection and immunity by tracking fluorescent Se organisms in mice. Se bacteria persisted in nitric oxide synthase (iNOS)-producing resident and recruited macrophages while inducing genes related to protection from nitric oxide. Se-infected cells occupied iNOS + splenic granulomas that excluded T cells but were surrounded by mononuclear phagocytes producing the chemokines CXCL9 and CXCL10, and Se epitope-specific Th1 cells expressing CXCR3, the receptor for these chemokines. Blockade of CXCR3 inhibited Th1 occupancy of CXCL9/10-dense regions, reduced activation of the Th1 cells, and led to increased Se growth. Thus, intracellular Se bacteria survive in their hosts by counteracting toxic products of the innate immune response and by residing in T cell-sparse granulomas, away from abundant Th1 cells positioned via CXCR3 in a bordering region that act to limit infection.
In Brief
The pathogen Salmonella enterica (Se) can paradoxically persist in hosts while being controlled by IFN-g-producing Th1 cells. Goldberg et al. show that the bacteria survive by resisting the effects of toxic host molecules in myeloid cells within granulomas, in areas lacking T cells. Infection is constrained by Th1 cells positioned around the granuloma via the CXCR3-CXCL9/10 chemokine axis.
INTRODUCTION
Salmonella enterica serovar Typhimurium (Se) bacteria cause largely asymptomatic chronic infections in immunocompetent hosts (Monack et al., 2004) . These bacteria fall into a large class of microorganisms including Mycobacterium tuberculosis that have evolved to survive within the phagosomes of host phagocytes despite intense pressure from the host's immune system (Tubo and Jenkins, 2014) . Phagosomal infections are controlled by interferon-g (IFN-g)-producing CD4 + T cells (Th1 cells) as evidenced by the susceptibility of CD4 + T cell-deficient people to these pathogens (Lee et al., 2011; Prando et al., 2013; Sologuren et al., 2011) . CD4
+ T cells use ab T cell receptors (TCRs) to recognize pathogen-derived peptides bound to host major histocompatibility class II (MHCII) molecules on the surface of infected phagocytes (Tubo and Jenkins, 2014) . Th1 cells control phagosomal infections by producing IFN-g, which then binds to the IFN-g receptors on the nearby infected phagocytes (M€ uller et al., 2012) . IFN-g receptor signaling in the phagocytes leads to the expression of anti-microbial effector molecules that generate microbicidal products such as nitric oxide (NO) (MacMicking et al., 1997) , which are thought to directly limit microbial replication (Foulds et al., 2006; Hardison et al., 2012; Sharma and Bose, 2001 ). For reasons that are not understood, however, this process does not eliminate the microbes from all infected phagocytes. The capacity of CD4 + T cells to control phagosomal pathogens without eliminating them is a fundamental paradox in cellular immunology (Belkaid et al., 2002; Peters et al., 2014; Tubo and Jenkins, 2014) . Some evidence indicates that phagosomal pathogens persist by inhibiting innate immunity (Behnsen et al., 2015; Cecílio et al., 2014; Urdahl, 2014) or antigen presentation to T cells (Bayer-Santos et al., 2016; Jackson et al., 2013) . It is also possible that the bacteria avoid the immune system by occupying anatomic structures known as granulomas (Pagá n and Ramakrishnan, 2018) . Early granulomas consist of spherical compact collections of activated macrophages, which over time adopt epithelial cell morphology and form tight junctions, eventually developing a fibrotic capsule and central necrotic core. Pathogen peptide:MHCII-specific T cells may not be able to access the inner parts of the granuloma where the bacteria reside (Kauffman et al., 2018) or are poorly activated there by antigen-presenting cells (Bold et al., 2011; Egen et al., 2008 Egen et al., , 2011 . The small number of infected phagocytes that are present during the persistent phase of infection has been a barrier to understanding the immune control of phagosomal pathogens. For this reason, knowledge about the type of phagocytes that are infected and their capacity to harbor or kill intracellular bacteria and where this process occurs in the body is limited. We addressed this problem by creating an Se strain expressing a fluorescent protein under the control of the phoN promoter to track the bacteria and the host response. We found that Se infection potently activated the innate immune response of infected cells and stimulated massive proliferation of Se epitope-specific CXCR3 + Th1 cells. Despite this robust innate and adaptive immune response, Se bacteria persisted in resident and recruited macrophages in granulomas. Persistence was associated with Se expression of genes encoding enzymes that break down NO and sparse seeding of granulomas with T cells. These results suggest that intracellular Se bacteria persist by protecting themselves from toxic products of the innate immune response and by residing in niches that exclude the numerous Th1 cells that control the infection.
RESULTS

Generation of a Fluorescent Se Strain
We produced a fluorescent Se strain to detect infected host cells by histology or flow cytometry. Barat et al. (2012) showed that the nonspecific acid phosphatase encoded by the phoN gene is highly expressed by intracellular Se organisms in the tissues of chronically infected mice. We used the lambda red recombination system to introduce the dTomato coding sequence after phoN in the Se chromosome (Figures S1A and S1B). The resulting strain is referred to hereafter as Se-Tomato. Flow cytometric analysis of RAW264.7 macrophages infected in vitro with SeTomato bacteria and stained intracellularly with Se-lipopolysaccharide (LPS) antibody revealed cells that contained Se-LPS alone, likely from dead bacteria, or Se-LPS and dTomato, while cells infected with wild-type Se contained only Se-LPS signal ( Figure S1C ). Microscopy revealed that most of the RAW264.7 macrophages that had red fluorescence contained one to three intact Se-Tomato bacteria. Thus, Se-Tomato bacteria generated a strong fluorescent signal in the phagosomes of macrophages. We then determined whether the Se-Tomato strain could establish a normal persistent infection. Several polymorphic genes encoding innate immune effector molecules expressed primarily by macrophages control natural resistance to Se infection in mice Eva et al., 2014; Roy et al., 2007) . C57BL/6 (B6) and BALB/c mice have hypomorphic alleles of these genes and succumb to the infection in less than a week, while 129X1/SvJ (129) and B6 3 129 F1 mice possess functional alleles and develop life-long persistent infections (Loomis et al., 2014; Monack et al., 2004) . We therefore used 129 or B6 3 129 F1 animals so that persistent infection could be studied. 129 mice were infected intragastrically with Se-Tomato or wild-type Se bacteria and colony forming units (CFU) were measured to assess the persistence of the two strains. As expected, the wild-type Se bacteria disseminated quickly after inoculation and peaked on day 25 at 10 5 or 10 4 organisms in the spleen or mesenteric lymph nodes, respectively. The number of bacteria then fell by day 60 to a stable level of 100-500 organisms in both locations ( Figure S1D ). Inoculation of Se-Tomato organisms resulted in a similar pattern. Thus, Se-Tomato bacteria were not attenuated and could cause a persistent infection.
Th1 Cells Control Se-Tomato Infection
Work from others indicated that the decline and stable control of Se organisms in resistant hosts is due to the action of CD4 + T cells (Johanns et al., 2010; Weintraub et al., 1997) . To determine whether this was the case for the Se-Tomato strain, we tested the effect of Se-Tomato infection on T cell-deficient Tcra À/À and CD4 + T cell-deficient H2 dlAb1-Ea strains that we produced by backcrossing the targeted alleles onto the 129 background. Both mouse strains succumbed to infection with Se-Tomato bacteria on about day 30 ( Figure 1A ) with 300 times more bacteria in their spleens than wild-type mice ( Figure 1B ). As reported by others (Johanns et al., 2010; Monack et al., 2004) , neutralization of IFN-g or antibody-mediated depletion of CD4 + T cells but not CD8 + T cells led to a significant increase in SeTomato CFU in persistently infected mice ( Figure 1C ). These results suggest that Th1 cells are the major component of the (A) Survival of wild-type (n =13), TCRa-deficient (n = 12), or MHCII-deficient, CD4 + T cell-deficient (n = 11) 129 mice infected intragastrically with 10 8 SeTomato bacteria. Survival curves were compared using the Log rank (MantelCox) test to determine significance. (B) Mean CFU (± geometric SD) in the spleens of wild-type (n = 7), TCRa-deficient (n = 9), or MHCII-deficient, CD4 + T cell-deficient mice (n = 8), 30 days after intragastric infection with 10 8 Se-Tomato bacteria. CFU values were log-transformed and columns were compared using one-way ANOVA, with Tukey's multiple comparisons post-test (***p % 0.0002) and derived from two independent experiments. (C) Spleen CFU (± geometric SD) from 129 mice infected intragastrically with 10 8 Se-Tomato bacteria, rested for 60 days, injected intraperitoneally with 0.8 mg of CD4 (n = 15), CD8 (n = 4), IFN-g (n = 9), or isotype control (n = 25) antibodies twice 3 days apart, before CFU measurement 7 days later. Spleen CFU values were log-transformed and analyzed using one-way ANOVA, with Tukey's multiple comparisons post-test (***p < 0.001, ****p < 0.0001; ns, not significant) to evaluate the significance between groups.
adaptive immune system required for control of Se-Tomato infection during the persistent phase.
Se-Tomato Infection Induces Massive Expansion of Protective Se Epitope-Specific CXCR3 + Th1 Cells An Se peptide:MHCII-specific CD4 + T cell population was tracked to gain a better understanding of how Th1 cells control Se infection. We focused on a population of T cells specific for a peptide (LpdAp) from the Se dihydrolipoamide dehydrogenase protein, which binds to the I-A b MHCII molecule expressed by 129 mice and is abundantly displayed on the surfaces of Seinfected dendritic cells (Karunakaran et al., 2017) . LpdAp:I-A b -specific CD4 + T cells were detected by flow cytometry using a cell enrichment method (Moon et al., 2007) based on a fluorochrome-labeled LpdAp:I-A b tetramer. Uninfected 129 mice contained about 60 LpdAp:I-A b -specific naive CD4 + T cells (Figures 2A and 2B) . These precursors underwent 6,000-fold proliferation and generated 300,000 and 8,000 effector cells in the spleen and mesenteric lymph nodes, respectively, by day 25 after infection. The population then contracted about 10-fold in the two locations by day 100 and was maintained at this level for the next 250 days ( Figure 2B ). Subsequent experiments were focused on the spleen because this organ contained most of the Se bacteria and Se epitope-specific T cells. lineage-defining transcription factor T-bet ( Figure 2C ; Ravindran et al., 2005) and secretion of IFN-g after peptide stimulation in vivo (data not shown). Analysis of chemokine receptors revealed that 80% of the LpdAp:I-A b -specific Th1 cells expressed CXCR3, which binds CXCL9, CXCL10, and CXCL11 (Groom and Luster, 2011) , while the other 20% expressed CX 3 CR1, which binds CX 3 CL1 (fractalkine) (Bö ttcher et al., 2015) ( Figure 2D ). A subset of the CXCR3 + cells expressed CD69, a marker of acute TCR signaling or tissue residence (Cibriá n and Sá nchezMadrid, 2017). CX 3 CR1 + cells expressed KLRG1, a marker of terminal differentiation in other systems (Sallin et al., 2017) . The CXCR3 + and CX 3 CR1 + subsets of LpdAp:I-A b -specific Th1 cells underwent expansion and contraction during the acute phase of infection and stabilization during the persistent phase although the CXCR3 + cells dominated at later times ( Figure 2E ), suggesting a more prominent role in the control of persistent Se bacteria. Thus, the LpdAp:I-A b -specific Th1 cell population contains at least two major types of chemokine receptor-expressing cells as observed for Th1 cells and CD8 + T cells during other phagosomal infections (Chu et al., 2016; Sakai et al., 2014 ).
The two subsets were then tested for their capacity to control Se-Tomato infection. Total, CXCR3 + , or CX 3 CR1 + CD4 + T cells were purified from Se-infected 129 mice and 10 6 cells from each population were transferred into naive 129 mice, which were then challenged intravenously with Se bacteria. The intravenous route was used to produce a more consistent infection than the intragastric route. Recipients of the total CD4 + T cell population contained 15-fold fewer bacteria in the spleen 7 days after challenge than mice that did not receive T cells (Figure 2F ). The CXCR3 + population afforded the same degree of protection to adoptive recipients as the total population, while the CX 3 CR1 + population provided less protection. These results indicate that CXCR3 + Th1 cells are the major controllers of Se infection.
Th Cells Are Concentrated near Granulomas
The locations of CD4 + T cells in the Se-infected spleen were then assessed to gain insight into infection control. Thin sections of spleen tissue were stained with fluorochrome-labeled antibodies specific for CD4; CXCL9 and CXCL10; F4/80, a general monocyte/macrophage marker; B220 to highlight B cell follicles; and inducible NO synthase (iNOS), a marker of macrophage activation (Bogdan, 2015) . The stained sections were imaged by microscopy. Uninfected mice contained well-organized white pulp cords with B cell-rich follicles surrounding peri-arteriolar sheaths containing CD4 + T cells ( Figure 3A ). The red pulp areas between the white pulp cords were packed with F4/80 + macrophages ( Figure 3B ). A few CXCL9/10 + cells were scattered throughout the red pulp regions of the spleens of uninfected mice and iNOS + cells were rare. As early as 3 days after SeTomato infection (data not shown) and thereafter, for example on day 42, the red pulp was expanded and the white pulp cords were compressed ( Figures 3C and 3D Figure 3C ). Histo-cytometry ( Figure S2 ; Gerner et al., 2012) was used to quantify the distribution and density of CD4 + T cells throughout the spleen and revealed that the CD4 + T cells were concentrated in the CXCL9/ 10 regions but were largely excluded from the iNOS + cores (Figures 3C and 3E) .
The Se-induced clusters of iNOS + macrophages were suggestive of granulomas. Mycobacterial granulomas are defined by epithelioid macrophages expressing tight junction proteins E-cadherin and ZO-1 (Pagá n and Ramakrishnan, 2018). Although this process is less evident in mice than in other species (Guirado and Schlesinger, 2013) , these markers have been observed in M. tuberculosis-induced murine granulomas (Cronan et al., 2016) . We therefore stained sections from spleen and liver of infected mice, which both had iNOS + clusters, with antibodies specific for E-cadherin and ZO-1. These proteins were detected at the borders of splenic stromal cells and hepatocytes in Se-infected mice but not in the iNOS + clusters or CXCL9/10 + borders ( Figure 3F ). The weak expression of tight junction proteins in the clusters of iNOS + macrophages indicates that these structures are non-epithelioid granulomas (Pagá n and Ramakrishnan, 2018). The composite structures will be referred to as CXCL9/10-bordered granulomas.
Se Epitope-Specific Th Cells Are Concentrated in CXCL9/10 + Borders and Excluded from
Granuloma Cores
We next determined whether T cells with TCRs specific for Se epitopes were also concentrated in the CXCL9/10 regions as was the case for CD4 + T cells in general. It was first necessary to establish a system for detection of Se epitope-specific T cells since the LpdAp:I-A b tetramer did not bind to specific T cells in fixed tissue sections (data not shown). An adoptive transfer approach was therefore used for this purpose. CD45.1 + B6 3 129 F1 mice, to be used as T cell donors, were inoculated with Se bacteria or Listeria monocytogenes (Lm) bacteria to induce Th1 cells but specific for different peptide:MHCII complexes Ravindran et al., 2005) . Six weeks later, CD4 + T cells were purified from the donor mice and transferred into separate sets of naive CD45.2 + B6 3 129 F1 recipients, which were then infected with Se-Tomato bacteria. Naive mice that did not receive CD4 + T cells were also infected. One week after infection, the mice that did not receive T cells or mice that received CD4 + T cells from Lm-infected donors contained about 10 6 splenic CFU, whereas mice that received CD4 + T cells from Se-Tomato-infected donors contained only 10 4 ( Figure 4A ). The 100-fold reduction in CFU observed in recipients of CD4 + T cells from Se-Tomato-infected donors was associated with a 30-fold increase in the number of donor T cells, while the T cells from Lm-infected mice that did not provide protection increased only 3-fold ( Figure 4B ). -specific cells were transferred into naive recipients. These recipients and controls that did not receive T cells were challenged with Se-Tomato bacteria and the T cell recipients were treated with an CXCR3 antibody that blocks binding of CXCL10 (Uppaluri et al., 2008) or isotype control antibody every other day for 1 week. Mice that received CD4 + T cells from day 60 Se-Tomato-infected mice and were treated with control antibody had about 70-fold fewer Se-Tomato bacteria than mice that did not receive additional T cells ( Figure 5A ). In contrast, mice that received T cells and were treated with CXCR3 antibody had 10-fold fewer bacteria than mice that did not receive additional T cells, demonstrating that CXCR3 is required for memory/effector T cells to mediate optimal Se control. The fact that CXCR3 blockade did not completely block protection could have been related to residual effects of CXCL9 or other factors.
The 
CD45.1 + CD4
+ CD44 hi T cells from day 60 Se-infected mice were transferred into naive recipients, which were treated with CXCR3 neutralizing or isotype control antibody and then infected with Se-Tomato bacteria. Spleen sections were analyzed 2 days after T cell transfer and infection to focus on early migration rather than later proliferation. Indeed, the number of CD45.1 + CD4
+ T cells was similar in the spleens of mice that were treated with isotype control or CXCR3 antibody at this time (Figures 5D and 5E) , demonstrating that the CXCR3 antibody treatment did not interfere with detection of the transferred cells. About 30% of the transferred T cells in mice treated with isotype control antibody were in the CXCL9/10 + cuffs ( Figure 5F ). In contrast, very few of the transferred T cells were in the CXCL9/10 + cuffs in mice treated with CXCR3 antibody and most were in the red pulp or T cell areas. These results indicate that most memory/ effector Th1 cells in Se-infected mice use CXCR3 to position themselves in the CXCL9/10 + granuloma borders.
Se Bacteria Are Concentrated in and around Granulomas
The results in Figures 4 and 5 suggest that Se epitope-specific CXCR3 + Th1 cells were concentrated in CXCL9/10 + areas and excluded from the CXCL9/10 À iNOS + granuloma cores. These results raise the possibility that the iNOS + granuloma cores are safe havens for Se bacteria. We tested this possibility by identifying the locations of the bacteria using immunohistology. Highmagnification images of spleen sections revealed Se-Tomato bacteria in iNOS + granuloma cores, CXC9/10 + borders, and the red pulp ( Figure 6A ). The bacteria in these images were digitally enlarged to allow their visualization in lower-magnification views of spleen sections. This procedure showed that most of the rare Se-Tomato bacteria in wild-type mice on day 30 after infection appeared to be in or near the CXCL9/10-bordered granulomas ( Figure 6B ). Imaris image analysis software and histo-cytometry were used to test this impression objectively. Digital surfaces of iNOS + cells, CXCL9/10 + cells, and dTomato + Se-bacteria ( Figures 6C, S2 , and S3) were created and an algorithm was used (Ester et al., 1996) to identify clusters of iNOS + or CXCL9/10 + cells. The locations of Se-Tomato bacteria were then mapped onto these clusters ( Figures 6C and S2I ). This analysis revealed that about 60% of the rare Se-Tomato bacteria that were in the spleens of wild-type mice were in the CXCL9/10-bordered granulomas and most of the remaining bacteria were in other areas of the red pulp ( Figure 6D ). This pattern reflected a remarkable concentration of the bacteria in the CXCL9/10-bordered granulomas since these regions accounted for only 5% of the splenic volume ( Figure 6E ). Of the Se-Tomato bacteria that were in the CXCL9/10-bordered granulomas, 70% were in the iNOS + core regions ( Figures 6D and 6E ). Thus, Se bacteria were concentrated in iNOS + CXCL9/10 À areas that contained very few Se epitope-specific T cells ( Figure 4D ). A similar analysis was performed on spleen sections from day 30 Se-Tomato-infected CD4 + T cell-deficient mice to assess the effect of CD4 + T cells on the location of the bacteria. The spleens of these mice contained many more bacteria and iNOS + granulomas per unit area and the CXCL9/10 + borders were smaller than those of wild-type mice ( Figures 6F and 6G ). Despite these differences, the bacteria were distributed in CD4 + T cell-deficient mice in a pattern that was like that observed in wild-type mice ( Figure 6D ). Most of the bacteria were in the CXCL9/10-bordered granulomas and most of these were in the iNOS + regions. There was a trend, however, for more bacteria to be in the CXCL9/10 + borders in the absence of CD4 + T cells consistent with a role for CD4 + T cell-mediated control in this area in wild-type mice.
Therefore, CXCL9/10-bordered granulomas formed in the absence of T cells, suggesting that these structures are generated by an innate immune response. The smaller size of the CXCL9/10 + borders, however, indicates that CD4 + T cells play a role in maintaining these structures. Identification of the Cells that Comprise the iNOS + and CXCL9/10 + Structures The concentration of Se bacteria in the CXCL9/10-bordered granulomas warranted investigation of the cell types that comprised these structures and harbored the bacteria. Flow cytometry was used for his purpose based on the knowledge that the iNOS + cells in the granulomas lacked CXCL9/10 and the surrounding CXCL9/10 + cells lacked iNOS ( Figures 3C and   3D ). We focused on myeloid cells because of abundant evidence in the literature that Se bacteria invade this cell type (Burton et al., 2014; Eisele et al., 2013; Griffin et al., 2011; Nix et al., 2007 Figures 7C and 7D ). In contrast, (±SEM) levels on total (n = 3) or dTomato + infected cells (n = 5) from day 42 Se-Tomato-infected 129 mice. MFI values were compared using two-way ANOVA and Sidak's multiple comparisons test (**p = 0.0088; ns, not significant).
(F) Fold change expression of Se mRNA relative to the housekeeping gene rpoD, between bacteria grown to late-log phase in LB broth (n = 6, black bars) and Se bacteria from NO + macrophages (n = 7, gray bars). Data are from two independent experiments, and conditions were compared using two-way ANOVA and Sidak's multiple comparisons test (***p = 0.0004, ****p < 0.0001; ns, not significant). Abbreviations: SPI-2 T3SS, Salmonella pathogenicity island 2 type 3 secretion system; RNS, reactive nitrogen species. cells expressing iNOS or CXCL9/10 were readily detectable in the CD64 + population in Se-Tomato-infected mice and most of the positive cells expressed iNOS or CXCL9/10 but not both as was observed by immunohistology. 5%-10% of the cells in each of the four major CD64 + subsets in the spleens of Se-Tomato-infected mice expressed CXCL9/10. Thus, the iNOS À CXCL9/10 + borders in the spleen red pulp were composed of a mixture of monocytes and macrophages. Recruited macrophages were by far the major iNOS + cell type in Se-infected spleens. Therefore, recruited macrophages must be the major constituents of the iNOS + granuloma cores. The Se-infected cells were then identified based on comparison of the auto-and red fluorescence profiles of non-lymphocytes from naive and Se-infected mice ( Figure 7A ). The Seinfected cells accounted for about 1 in 1,500 of the total non-lymphocyte population of day 42 Se-Tomato-infected animals. The Se-infected population had a lower fraction of neutrophils, dendritic cells, and classical monocytes and a higher fraction of resident and recruited macrophages than the uninfected CD64 + cells in the same mice ( Figure 7B ). In addition, a higher fraction of the Se-infected resident and recruited macrophages produced iNOS or CXCL9/10 than the comparable uninfected populations ( Figures 7C and 7D ). The MHCII levels of Se-infected resident and recruited macrophages were the same as those of the comparable populations from uninfected mice and those of classical monocytes were higher ( Figure 7E) . Thus, the Se-infected population was generally more activated and macrophage dominated than the uninfected myeloid cell population in the same mice. In addition, Se-infected cells showed no signs of immune evasion at the level of iNOS, CXCL9/10, or MHCII expression. The finding that Se-infected populations contained more iNOS-producing cells than their uninfected counterparts raised the issue of how the bacteria survive in the presence of NO. We addressed this problem by using the reverse transcriptase polymerase chain reaction (RT-PCR) to assess expression of Se mRNAs involved in bacterial growth and resistance to reactive nitrogen species (Henard and Vá zquez-Torres, 2011) . RTPCRs were performed with primers for candidate Se genes on RNA samples from sorted NO-producing CD64 +
CD11c
+ recruited macrophages containing intracellular Se organisms or Se bacteria cultured in rich broth. The fold change of the PCR value for each gene was calculated relative to a house-keeping gene (rpoD) ( Figure 7F ). dTomato mRNA was much more highly expressed by intra-macrophage than broth-grown Se bacteria as expected because this transcript was driven from the phoN promoter known to be highly active in intracellular bacteria (Barat et al., 2012) . Also, as expected, the house-keeping mRNA gyrA was expressed equally by Se bacteria under both conditions. mRNAs involved in DNA replication and growth (priB, rpoA) were expressed to a higher degree in broth-grown than intramacrophage Se bacteria, indicating that the microbes were growing slowly in NO + macrophages. In contrast, intra-macrophage Se bacteria contained abundant mRNAs required for survival in macrophages. These included a transcriptional regulator of virulence (phoP) (Park and Groisman, 2014) , effectors of the Salmonella pathogenicity island 2 type III secretion system (sifB, sseJ) involved in phagolysosome modification (Figueira and Holden, 2012) , and a gene for reactive oxygen species detoxification (katG) (Bumann and Cunrath, 2017 À phenotype indicates that the main cells that form these granulomas are recruited monocytes that differentiated into macrophages, also known as TNF/iNOS-producing dendritic cells (Shi and Pamer, 2011) . Since the iNOS + granulomas were more numerous in T cell-deficient mice, they were likely initiated by an innate rather than an adaptive immune mechanism. iNOS expression by mononuclear phagocytes is often triggered by synergistic signaling between innate pattern recognition and IFN-g receptors (Bogdan, 2015; Eisenstein, 2001) . Thus, it is conceivable that the iNOS + granulomas arose in part from monocytes or macrophages that were activated by direct infection or recognition of microbial products. Our finding that macrophages-containing bacteria were more likely to produce iNOS than those that did not lends credence to this explanation. It is not clear why Se-induced granulomas do not undergo the macrophage epithelialization process typical of M. tuberculosis-induced granulomas although their location in secondary lymphoid organs rather than the lungs may be a factor. It is also possible that individual Se-induced granulomas turn over relatively quickly and do not persist long enough for the epithelialization process to occur. Although it has been long appreciated that lymphocytes are restricted to the granuloma border (Guirado and Schlesinger, 2013; Pagá n and Ramakrishnan, 2018) , the basis for this phenomenon was not understood. Our results suggest that CXCR3 +-
CD4
+ T cells are concentrated in these border regions because of local CXCL9/10 production by a mixed population of mononuclear phagocytes that does not express iNOS. IFN-g is the major known driver of CXCL9 and CXCL10 production in mononuclear phagocytes (Groom and Luster, 2011) . It is therefore possible that mononuclear phagocytes surrounding the iNOS + granulomas are initially stimulated by innate sources of IFN-g, such as NK cells (Kupz et al., 2013) , to produce CXCL9/10, which is later amplified by Se epitope-specific CXCR3 + Th1 cells that are attracted to this area. This possibility is supported by the observation that the CXCL9/10 + cuffs were larger and more organized in wild-type mice than in CD4 + T cell-deficient mice.
The fact that blockade of CXCR3 inhibited the localization of Th1 cells to the CXCL9/10 + cuffs, suppressed Th1 cell proliferation, and led to increased bacterial growth indicates that such a process is critical for Th1 cell detection and control of infected cells, likely via direct recognition of cognate epitopes.
Our study also sheds light on the capacity of Se bacteria to persist in the face of Th1-based immunity. We found no evidence that Se persistence was related to direct inhibition of T cell activation or Th1 cell formation. Se-infected mononuclear phagocytes expressed the same number or more MHCII molecules than uninfected cells in the same hosts. In addition, the clonal expansion exhibited by Se epitope-specific T cells was 10-fold greater than that reported for epitope-specific T cells in other bacterial infections (Dileepan et al., 2011; Pepper et al., 2010) , and the T cells acquired the CXCR3 phenotype associated with control of other phagosomal pathogens (Chu et al., 2016; Sakai et al., 2014) . Rather, our results suggest that Se bacteria persist by residing in macrophages in granuloma core regions that are largely inaccessible to CD4 + T cells. This possibility is supported by the observation that most granuloma-associated CD4 + T cells in Mycobacterium tuberculosis-infected rhesus macaques or mice are in outer cuffs, not the core regions containing the bacteria (Ernst et al., 2018; Kauffman et al., 2018) . The lack of CXCL9/10 production in the cores of the granulomas caused by these pathogens is a plausible explanation for the failure of CXCR3 + Th1 cells to penetrate these areas. Notably, antigenspecific T cells can access the central regions of the granulomas caused by attenuated Mycobacterium bovis-BCG organisms (Egen et al., 2011) , suggesting that T cell exclusion from granuloma cores is a property of virulent phagosomal pathogens.
Our data suggest that Se bacteria persist in iNOS + CD64 + cells by detoxifying NO and other reactive nitrogen species. Intracellular Se bacteria expressed many copies of mRNAs that encode reductases that chemically modify reactive nitrogen species and a protein that repairs reactive nitrogen species-induced damage to iron-sulfur containing proteins. The bacteria may optimize the action of these protective proteins through structural changes to the phagolysosome induced by the Salmonella pathogenicity island 2 type III secretion system (Figueira and Holden, 2012) . Even though the bacteria were able to persist in this state, they were probably not thriving as evidenced by repression of genes involved in DNA replication and growth. Work in the Mycobacterium bovis-BCG murine model and the Mycobacterium marinum zebrafish model (Davis and Ramakrishnan, 2009; Pagá n et al., 2015) suggests that a dynamic cycle of bacterial killing and mononuclear phagocyte recruitment also contributes to persistence. Application of this model to Se infection produces a scenario in which classical monocytes are recruited to infected tissues from the circulation and seed the T cell-inaccessible iNOS + granulomas. The recruited cells are infected by Se bacteria from other cells in the granuloma, turn on iNOS, differentiate into macrophages that ultimately establish residence, and add to the cluster while clearing their infections. Other monocytes become infected as they migrate through the CXCL9/10 + areas, are rapidly detected by a dense network of CXCR3 + Th1 cells, and are disinfected or killed. This cycle could turn indefinitely if new monocytes seed the granulomas and CD4 + T cell numbers are maintained.
The action of Th1 cells in the CXCL9/10 + borders is an effective mechanism of pathogen control in immunocompetent hosts even though it does not result in sterilizing immunity. Like most humans with phagosomal infections, Se-infected 129 mice show no overt signs of disease unless the CD4 + T cell-dependent control system is compromised. This control, however, can be interrupted in humans with AIDS, malnutrition, or advanced age, resulting in bacterial outgrowth and pathogenesis. New vaccines capable of sterilizing immunity against phagosomal pathogens are therefore desirable. The development of such vaccines may depend on improved understanding of the factors that exclude pathogen-specific Th1 cells from granuloma cores that harbor the pathogen.
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The authors declare no competing interests. (Powell and Frelinger, 2017) . All the backcrossed mice used for experiments were homozygous for the 129 Slc11a1 Gly169 allele and either the targeted H2 dlAb1-Ea or Tcra alleles.
Construction of the Se-Tomato Strain
Se serovar Typhimurium strain SL1344 was used as the parental strain for all experiments. A template plasmid, pJMG01, containing a flippase recognition target (FRT)-flanked kanamycin (KAN) cassette from the pKD4 plasmid was made using a pUC19 backbone by primer-extension PCR and restriction cloning ( Figure S1 ). The Se codon optimized version (Grote et al., 2005) of the fluorescent protein TdTomato with an EM7 promoter and a 43 base pair ribosomal binding site designed for maximal fluorescent protein expression was then inserted upstream of the KAN cassette by InFusion cloning (Tian and Salis, 2015) (Clontech-Takara) to generate plasmid pJMG08. After transformation of SL1344 bacteria with pJMG08 it was noted that one of the tandem-repeats of the TdTomato sequence was frequently deleted and resulted in increased fluorescence intensity. Thus, the template plasmid used for the next step contained only one copy of the dTomato sequence (pJMG09). This template plasmid was used to create a PCR product containing the dTomato-FRT-KAN cassette with 50 base pair arms homologous to a region at the 3 0 end of the phoN locus immediately after the stop codon. This PCR product was electroporated into competent Se-SL1344 transformed with the plasmid pWRG730 (Blank et al., 2011) encoding the Lambda Red Recombinase genes exo, bet, and gam under the control of a temperature sensitive promoter, which was activated by incubation in a water bath shaker for 15 minutes at 40 C (Datsenko and Wanner, 2000) . The bacteria were then plated on LB agar with 50 mg/ml kanamycin to select recombinants. Colonies were then screened by PCR for the dTomato insertion within the phoN locus and the product was sequenced to confirm positional integration. The KAN cassette was removed using the temperature-sensitive pCP20 plasmid encoding the flippase recombinase (FLP) and a chloramphenicol resistance gene. Following FLP-mediated recombination, recombinants were replica plated on LB agar with and without kanamycin at 37 C to cure pCP20, then kanamycin and chloramphenicol sensitive clones were designated Se-Tomato and used for further experiments.
Animal infections and antibody depletion SL1344 and Se-Tomato bacteria were cultured overnight in four ml of LB containing 100 mg/ml of Streptomycin. The next day, these cultures were added to one liter of broth and grown to mid log phase, and single-use aliquots were frozen in 25% glycerol at À80 C. After thawing, bacterial stocks were diluted in sterile PBS and 10 8 CFU were delivered using a feeding needle via intestinal gavage after loading the mice with 100 mL of a 5% bicarbonate solution, or 10 4 CFU were injected intravenously. For cellular depletion experiments, mice infected intragastrically with Se bacteria 60 days earlier were injected intraperitoneally with 0.8 mg of purified mouse CD4, CD8a, or IFN-g antibodies (BioXcell) twice over one week. Control mice were injected with the same amount of rat-isotype control antibodies.
CD4
+ T cell isolation and adoptive transfer Single cell suspensions were made from spleens and mesenteric lymph nodes of Se-infected 129 or B6 3 129 F1 donors six to eight weeks after infection. CD44 hi memory/effector CD4 + T cells were enriched by removal of other cells using CD8, CD11b, CD11c, CD19, CD24, B220, CD45RB, CD49b, CD105, and TCRg/d (Stem Cell technologies) antibodies to a purity of 80%-90% as assessed by CD44 hi expression. The memory/effector CD4 + T cells (2.5 3 10 6 ) were then injected intravenously into recipient mice, which were infected intravenously with Se-Tomato bacteria shortly thereafter. In some cases, memory/effector CD4 + T cells from Se-infected mice were stained with CXCR3 or CX 3 CR1 antibodies, and CXCR3 + and CX 3 CR1 + cells were sorted using a BD FACSAria flow cytometer to 99% purity and injected into naive recipients. For CXCR3 blocking experiments, mice were injected intravenously with memory/effector CD4 + T cells from Se-infected mice, then several days later intravenously with Se-Tomato bacteria. These mice were then injected intraperitoneally with 0.5 mg of anti-mouse CXCR3 or hamster IgG every other day for two or seven days beginning on the day of infection.
Generation of LpdA 340-350 :I-A b tetramers
Sense and anti-sense DNA oligonucleotides (Table S1 ) encoding a signal peptide with an embedded XmaI restriction site, then the LpdAp peptide (HYFDPKVIPSI), and a poly glycine linker with an embedded SpeI site were ordered from Integrated DNA technologies. The primers were designed to expose 5 0 and 3 0 overhangs complementary to XmaI and SpeI restriction sites present on the digested vector. The sense and antisense oligonucleotides were annealed and ligated into the XmaI/SpeI-digested pRMHa-3 I-A b beta plasmid (Moon et al., 2007) using T4 DNA ligase (New England Biolabs). One Shot TOP10 Chemically Competent E. coli bacteria (ThermoFisher) were transformed with the ligation mixture and plated out on LB agar containing 100 mg/ml ampicillin. Inserts from transformants were sequenced to confirm that an open reading frame encoding a signal peptide, LpdA peptide, I-A b beta chain, basic leucine zipper, and 6X histidine tag was present. Biotinylated LpdA:I-A b molecules were expressed in Drosophila S2 cells using the DES Drosphila Expression System (ThermoFisher). S2 cells were grown at 28 C without CO 2 and transfected using the Calcium Phosphate Transfection Kit (ThermoFisher) along with the pRMHa-3 I-A b beta plasmid (encoding the pRMHa-3 I-A b alpha plasmid encoding a signal peptide, the I-A b alpha chain, an acidic leucine zipper, and a BirA ligase site (Moon et al., 2007) ), an expression plasmid for the E. coli BirA enzyme (Yang et al., 2004) , and the pCoBlast plasmid encoding a blasticidin resistance protein. S2 cells were then selected in Express Five serum-free medium designed for insect cell culture containing 25 mg/ml blasticidin (ThermoFisher). After several weeks of growth, LpdAp:I-A b production was induced by addition of CuSO 4 and D-biotin (ThermoFisher). LpdAp:I-A b monomers were enriched from cell culture supernatant via His-Bind chromatography targeting the 6x His epitope on the C terminus of the I-A b beta chain using the Novagen His-Bind Purification Kit (EMD Millipore). The nickel column eluate was then passed over a Pierce Monomeric Avidin UltraLink Resin (ThermoFisher) and eluted with free biotin to purify biotinylated LpdAp:I-A b molecules according to the manufacturer's instructions. The biotin was removed from the eluate by four PBS washes through an Amicon Ultra-15 30 kDa concentrating filter (EMD Millipore). The concentration of biotin-labeled LpdAp:I-A b monomers was determined by absorbance of ultraviolet light at 280 nm. Monomers were combined with streptavidin-phycoerythrin (PE) or streptavidin-allophycocyanin (APC) (Prozyme) in a 4:1 ratio to produce tetramers (Moon et al., 2007) .
LpdAp:I-A b tetramer-based cell enrichment Spleen or mesenteric lymph nodes were mashed over nylon mesh in 1-2 mL ice-cold RPMI supplemented with antibiotics, glutamine, and 10% fetal calf serum (complete RPMI) and filtered through nylon mesh into 15 mL polypropylene conical centrifuge tubes. Cells from each mouse were washed in cold sorter buffer (PBS + 2% FBS, 0.1% NaN 3 ), centrifuged, and suspended in sorter buffer plus anti-mouse FcgII/III (CD16/32) blocking antibody to a final volume about twice that of the pellet. LpdAp:I-A b /streptavidin-PE and/or LpdAp:I-A b /streptavidin-APC tetramer(s) were then added to a final concentration of 10 nM along with CXCR3 (BV421; BD) and CX 3 CR1 (PerCP-Cy5.5; Biolegend) antibodies. After an hour incubation in the dark at room temperature, the cells were washed with PBS and centrifuged to a pellet, to which was added 500 ml of sorter buffer and 6.25 ml of Stemcell anti-fluorophore antibody cocktail for 15 minutes in the dark at room temperature followed by 25 ml of Stemcell Easysep Magnetic particles for 15 more minutes. The cells were suspended to a final volume of 2.5 mL in sorter buffer in FACS tubes and placed in an EasySep magnet for five minutes, after which the samples were decanted while still in the magnet. Sorter buffer was added and decanted several times to wash out loosely bound cells. After the final wash, the FACS tube was removed from the magnet and the released cells were washed and centrifuged to a pellet, to which was added 95 ml of Fc receptor blocking solution. The cells were stained with a viability dye (Ghost dye red 780; Tonbo) and CD4 (BUV496; BD), CD90.2 (BUV395; BD), KLRG1 (BV711; BD), CD69 (BUV737; BD), CD45R/B220 (APCeFluor 780; ThermoFisher), CD11b (APC-eFluor 780; ThermoFisher), CD11c (APC-eFluor 780; ThermoFisher), F4/80 (APC-eFluor 780; ThermoFisher), and NKp46 (APC-eFluor 780; ThermoFisher) antibodies on ice for 30 minutes. Samples were then washed in cold sorter buffer and fixed in 2% paraformaldehyde for 10 minutes at room temperature, followed by additional fixation for 1 hour in Foxp3 Transcription Factor Fixation Buffer (ThermoFisher). The cells were then washed twice in Permeabilization Buffer (Tonbo) before staining overnight at 4 C with anti-mouse T-bet (PE-Cy7; ThermoFisher). Following intracellular staining, the cells were washed once with Permeabilization Buffer and once with PBS, before being suspended in 350 mL of sorter buffer plus 10 4 123count eBeads (ThermoFisher) in 50 mL of sorter buffer prior to flow cytometry acquisition and analysis.
Immunohistology
Tissue pieces were submerged in PLP buffer (Gerner et al., 2012 ) containing 1% paraformaldehyde overnight, then floated in 30% sucrose in PBS for an additional 24 hours. The tissues were then embedded in OCT, frozen, and stored at À80 C. Seven mm sections were cut on a Leica cryostat and transferred to SuperFrost Plus slides (ThermoFisher) for staining. Sections were permeabilized with tissue staining buffer (PBS with 0.3% Triton X-100, 0.1 M glycine, 0.1% Cold Fish Skin Gelatin, and 1% BSA) and blocked with tissue staining buffer plus 5% normal rat serum and FcgII/III CD16/32 antibody (2.4G2; BioXcell), before staining with a cocktail of fluorochrome-conjugated E-cadherin (eFluor 660; ThermoFisher), ZO-1 (Alexa Fluor 594; ThermoFisher), CD45R/B220 (Alexa Fluor 594; Biolegend), CD4 (BV480; BD), CD45.1 (BV421; Biolegend), F4/80 (BV480; BD), CD206 (Alexa Fluor 594; Biolegend), iNOS (Alexa Fluor 488; ThermoFisher), and CXCL9 (eFluor 660; ThermoFisher) mouse antibodies, and CXCL10 goat antibody followed by Alexa Fluor 647-conjugated bovine anti-goat IgG (Jackson Immunoresearch) . Stained tissue sections were mounted with ProLong anti-fade Diamond medium (ThermoFisher) and cured overnight. Whole section images were acquired on a Leica DM6000B Epi-fluorescence microscope with automated tiling and stitching.
Histo-cytometry
Images were analyzed using histo-cytometry (Gerner et al., 2012) .
Imaris imaging software was used to create digital surfaces corresponding to individual host and bacterial cells as described in Figure S2 . Imaris batch process extensions designed and modified in house were used to export the mean fluorescence intensity, area, X, Y-position, and sphericity of the digital surfaces as comma separated value (.csv) spreadsheets, which were then imported into FlowJo v10 analysis software for further analysis. A gating strategy was used in FlowJo v10 to remove highly auto-fluorescent non-specific staining as described in Figure S3 . The X-Y coordinates of the refined surfaces for CD4 + T cells or Se bacteria were extracted and plotted on images of iNOS + and CXCL9/10 + clusters created as described below. These plots were used to determine the frequency of CD4 + T cells and dTomato + Se bacteria in iNOS + and CXCL9/10 + areas.
Cluster analysis protocol iNOS and the CXCL9/10 surfaces were clustered using the Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm, with parameters ε = 30mm and N = 2 (Ester et al., 1996) (Figure S1 ). Delaunay triangulation was used to convert clusters to polygons by calculating the shape-union of all triangles whose vertices were part of each cluster. Each CD4 + T cell or Se-Tomato + surface was said to be within a iNOS + or CXCL9/10 cluster if its centroid was contained in that cluster's polygon. The proportion of CD4 + T cell or Se-Tomato + surfaces within either iNOS + or CXCL9/10 + clusters was calculated. All the cluster analysis was performed in Python (v3.6), using GeoPandas (v0.3.0), Shapely (v1.6.4), SciPy (v1.0.1), NumPy (v1.15.0), scikit-learn (v0.19.1) and Matplotlib (v2.1.1). The code is available upon request at Jupyter Notebooks.
Flow cytometry analysis of myeloid cells
Spleens and mesenteric lymph node fragments were digested in a serum-free IMDM buffer containing 5 mg/ml BrefeldinA, 1 mM glutathione, 1 U/ml Heparin Sodium, 0.1 mg/ml DNase I, 0.8 mg/ml Dispase II, and 0.2 mg/ml Collagenase IV (Worthington), according to a method developed by Turley and colleagues (Fletcher et al., 2011) . A portion of the sample was reserved for CFU enumeration. In some cases, myeloid cells were enriched from infected organs by positive selection using a cocktail of magnetically-labeled CD11b, CD11c, and F4/80 (Miltenyi Biotech) antibodies according to the manufacturer's instructions. After magnetic isolation, the cells were stained with a viability dye (Ghost dye red 780; Tonbo) and fluorochrome-labeled B220, CD90.2, NKp46 (all APCeF780; ThermoFisher), CD11b (BUV395; BD), CD11c (BUV737; BD), Ly6G (BV510; Biolegend), Siglec F (APC-R700; BD), MERtk (SuperBright 645; ThermoFisher), and Ly6C (PerCP-Cy5.5; ThermoFisher) antibodies. The cells were then fixed with 2% paraformaldehyde, permeabilized with saponin (Tonbo), stained with fluorochrome-labeled iNOS (Alexa Fluor 488; ThermoFisher), CXCL9 (eFluor 660; ThermoFisher) antibodies, and CXCL10 (Unlabeled goat polyclonal; R&D systems) followed by a bovine goat IgG secondary antibody (Alexa Fluor 647; Jackson Immunoresearch) and analyzed on an LSR Fortessa flow cytometer (BD) equipped with a 590/36 bandpass filter on a 561 nm Yellow-Green (YG) laser detector.
In vivo analysis of Se gene expression in NO-producing macrophages Naive B6 3 129 F1 mice that received 2 3 10 6 CD44 hi CD4 + T cells from day 60 Se-Tomato infected mice were subsequently infected intravenously with 10 5 Se-Tomato bacteria. After five days, splenic mononuclear phagocytes were magnetically enriched as described above and incubated in PBS with the NO indicator 1 mM 4-amino-5-methylamino-2 0 ,7'-difluorescein diacetate (ThermoFisher) (Li et al., 2003) for 10 minutes at 37 C. The cells were then stained with CD64 and CD11c antibodies and 10 5 infected (dTomato + ) or uninfected (dTomato -) NO + CD64 + CD11c + macrophages were sorted using a BD FACSAria flow cytometer into RNA protect cell reagent (QIAGEN). The sorted cells, and Se-Tomato bacteria grown to log phase in LB, were pelleted and suspended at room temperature for 30 minutes in 100 mL of 30 mM Tris-HCl 10 mM EDTA pH 8.00 with 0.5% Triton X-100, 2 mg/ml proteinase K, 10 mg/ml lysozyme (SIGMA), and RNAsin RNase inhibitor (Promega). RNA was then purified using the RNeasy mini plus kit (QIAGEN). cDNA was made from the purified RNA using the SuperScript First Strand Synthesis system (ThermoFisher) with random hexamer primers. One-twenty fifth of the reverse transcriptase reaction was then added to optical grade 96-well PCR plates containing ForgetMe-Not EvaGreen qPCR master mix (Biotium) and individual PCR primers specific for a panel of 
QUANTIFICATION AND STATISTICAL ANALYSIS
Prism software (GraphPad) was used to calculate p values determined by statistical tests indicated within the figure legends. Unless otherwise specified, (n) refers to the number of animals in each experiment. Differences between groups were considered significant for p values % 0.05.
DATA AND SOFTWARE AVAILABILITY
Imaris extensions and tools for histo-cytometry analysis can be found at: https://histo-cytometry.github.io/Chrysalis/ Source code for the analysis of cell clustering and spatial mapping can be found at: https://github.com/mfgoldberg/GranulomaMapping
